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Alkaline  fuel  cells  (AFCs)  are  promising  power  sources  due  to  superior  kinetics  and  the  ability  to  use  inex¬ 
pensive  non-noble  metal  catalysts.  However,  carbonate  formation  from  carbon  dioxide  in  air  has  long 
been  considered  a  significant  hurdle  for  liquid  electrolyte-based  AFC  technologies.  Carbonate  formation 
consumes  hydroxyl  anions,  which  leads  to  (i)  reduced  electrode  performance  if  formed  salts  precipitate 
from  solution  and  (ii)  lowered  electrolyte  conductivity,  which  reduces  cell  performance  and  operating 
lifetime.  Here,  using  a  flowing  electrolyte-based  microfluidic  fuel  cell,  we  demonstrate  that  AFC  perfor¬ 
mance  can  be  resilient  to  a  broad  range  of  carbonate  concentrations.  Furthermore,  we  investigate  the 
effects  of  carbonate  formation  rates  on  projected  AFC  operational  lifetime.  Results  from  this  study  will 
aid  in  the  design  of  AFC-based  power  sources  in  light  of  the  tradeoffs  between  performance,  durability 
and  cost. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rapid  improvements  in  hydrogen  storage  technology  are 
advancing  fuel  cells  towards  commercially  viable  portable  power 
sources  [1].  Small-scale  hydrogen-fueled  alkaline-based  fuel  cells 
demonstrate  superior  energy  densities  compared  to  rechargeable 
batteries  offering  cheaper  and  lighter  alternatives  for  applications 
such  as  mobile  power  generators  and  television  cameras  [2].  Fur¬ 
thermore,  metal  hydrides  and  other  metal  organic  frameworks 
provide  high  density  hydrogen  storage  without  the  inefficiencies 
and  safety  concerns  inherent  to  pressurized  storage  [3].  On-board 
reforming  of  liquid  fuels,  such  as  sodium  borohydride,  ammonia, 
or  methane  is  another  option,  although  the  temperature  and  vol¬ 
ume  requirements  pose  a  large  obstacle  for  portable  applications 
[3].  Alkaline  fuel  cells  (AFCs)  have  cost  and  kinetic  advantages  over 
conventional  acidic  fuel  cells.  Many  transition  metals  are  more  sta¬ 
ble  in  alkaline  media,  allowing  for  cheaper  catalysts  (e.g.  Ag  and  Ni) 
to  replace  the  expensive  Pt  catalysts  commonly  used  in  acidic  media 
[4-7].  Alkaline  media  also  yields  superior  kinetics  for  the  oxygen 
reduction  reaction  (ORR),  which  is  the  limiting  reaction  in  acidic 
media  [5,7,8].  Carbonate  formation  as  well  as  water  management 
have  hampered  mass  commercialization  of  AFC  technologies.  Here 
we  focus  on  the  carbonate  formation  issue.  The  charge-carrying 
hydroxyl  ions  in  the  electrolyte  react  with  carbon  dioxide  from 
organic  fuel  oxidation  (i.e.  methanol,  formic  acid)  and/or  air  to  form 
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carbonate  species  via  the  following  overall  reaction: 

20H“  +  C02  -*■  CO|“  +  H20  (1) 

This  fast  reaction  is  essentially  irreversible  (Ke q  =  7  x  1025)  and 
its  effects  are  twofold.  First,  carbonate  formation  depletes  hydroxyl 
ions  from  the  electrolyte,  which  reduces  electrolyte  conductiv¬ 
ity  and  consequently  cell  performance.  Second,  formed  carbonates 
can  precipitate  within  the  electrode  potentially  blocking  elec- 
trocatalytic  sites.  Also,  these  precipitants  gradually  decrease  the 
hydrophobicity  of  the  electrode  backing  layer  leading  to  structural 
degradation  and  electrode  flooding  [9].  Carbon  dioxide  present  in 
the  anode  or  cathode  feeds  of  an  alkaline  fuel  cell  reacts  with  a  high 
conversion.  For  example,  Giilzow  et  al.  demonstrated  that  for  an 
oxygen  feed  with  5  wt%  C02,  a  1 50  times  higher  concentration  than 
found  in  air,  more  than  80%  of  the  original  C02  reacted  after  being 
supplied  to  a  fuel  cell  without  backpressure  [6].  Consequently,  most 
AFC  systems  employ  an  on-board  scrubber,  usually  based  on  soda 
lime,  to  remove  carbon  dioxide  from  the  oxidant  stream  prior  to 
contact  with  the  fuel  cell  [10].  However,  these  additional  compo¬ 
nents  increase  fuel  cell  system  volume  and  complexity,  making  this 
method  undesirable  for  portable  applications. 

A  tradeoff  exists  between  durability  and  cost  when  designing 
low-temperature  AFC-based  power  sources.  The  effects  of  carbon¬ 
ate  formation  are  largely  determined  by  the  choice  of  electrolyte, 
either  a  liquid  electrolyte  or  a  polymeric  anion-conducting  mem¬ 
brane.  Aqueous  potassium  hydroxide  (KOH)  is  the  most  common 
liquid  electrolyte  for  fuel  cell  applications  due  to  the  high  con¬ 
ductivity  of  both  potassium  and  hydroxide  ions  [11].  Such  liquid 
electrolyte-based  AFCs  can  operate  with  either  stagnant  or  flowing 
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electrolyte  streams.  While  stationary  electrolyte  configurations  do 
not  require  electrolyte  pumping  equipment,  they  are  more  vulner¬ 
able  to  carbonate  precipitation  since  the  phase  change  is  dependent 
on  local  electrolyte  saturation.  Operating  the  fuel  cell  at  elevated 
temperatures  ( >72  °C),  at  low  KOH  concentrations  and/or  with  pre¬ 
scrubbed  reactant  streams  significantly  lowers  the  tendency  for 
carbonate  precipitation  [6,9,1 2].  Flowing  electrolyte  configurations 
are  more  resistant  to  carbonates  as  precipitation  is  dependent  on 
saturation  of  the  entire  electrolyte  volume,  but  electrolyte  pumping 
ancillaries  increase  system  cost  and  complexity  [13]. 

Recently,  many  research  efforts  focus  on  polymeric  anion¬ 
conducting  membranes  to  replace  liquid  electrolytes  in  AFCs. 
Alkaline  anion  exchange  membranes  (AAEMs)  utilize  a  mobile 
anion,  such  as  hydroxyls,  and  a  stationary  cation  embedded  in  the 
polymeric  membrane  structure,  such  as  quaternary  ammonium 
[14].  Consequently,  AAEMs  are  less  susceptible  to  carbonate  precip¬ 
itation  since  no  mobile  cations  are  present  within  the  membrane. 
However,  precipitation  may  still  occur  if  metal  cations  are  present 
from  other  sources  (i.e.,  fuel  stream,  component  degradation  by¬ 
products)  [14].  Thus  far,  the  presence  of  carbonates  has  yielded 
inconsistent  results  in  AAEM-based  fuel  cells.  For  example,  Piana 
et  al.  reported  a  significant  voltage  drop  from  the  presence  of  C02 
in  air,  whereas  Adams  et  al.  reported  a  small  performance  increase 
using  a  carbonate-doped  AAEM  [15,16].  The  performance  of  AAEM- 
based  fuel  cells  is  also  hindered  by  membrane-related  issues,  most 
notably  water  management  at  each  electrode.  Furthermore,  the 
long  term  stability  of  AAEMs,  especially  at  elevated  temperatures, 
remains  insufficient  [17].  Whether  a  membrane-based  approach  or 
a  flowing  electrolyte  based  approach  will  be  more  efficient  and/or 
cost  effective  is  unclear  at  this  point. 

The  presence  of  C02  in  air  has  been  perceived  as  detrimen¬ 
tal  for  long  term  operation  of  alkaline  liquid  electrolyte  fuel  cells 
[14,16,17].  Yet,  the  precise  effects  of  carbonate  formation  on  the 
electrolyte  at  commercially  relevant  KOH  concentrations  have  not 
been  investigated  quantitatively  within  an  operating  fuel  cell.  Pre¬ 
vious  work  by  Tewari  et  al.  in  a  methanol/02  fuel  cell  focused  solely 
on  KOH  concentrations  of  1  M  or  less,  while  long-term  studies  by 
Giilzow  et  al.  were  conducted  in  a  half-cell  setup  rather  than  in 
a  fuel  cell  [6,18].  Governmental  targets  for  the  application  of  fuel 
cells  in  portable  and  stationary  applications  from  the  U.S.,  Japan, 
and  the  European  Union  all  require  performance  degradation  of 
less  than  5-10%  over  the  fuel  cell  lifetime  [19,20].  An  improved 
understanding  of  the  extent  of  carbonate  formation  is  necessary  to 
design  AFCs  with  the  appropriate  electrolyte  volume  for  their  target 
lifetime  and/or  to  replace  the  electrolyte  at  appropriate  intervals. 

Here,  we  use  a  microfluidic  hydrogen-oxygen  (H2/02)  fuel  cell 
with  a  flowing  alkaline  electrolyte  stream  [13]  to  study  the  impact 
of  carbonates  on  AFC  performance.  External  control  over  the  flow¬ 
ing  electrolyte  in  the  fuel  cell  enables  the  controlled  introduction 
of  carbonate  species  while  the  individual  anode  and  cathode  losses 
are  simultaneously  monitored  by  an  external  reference  electrode 
[21].  Initial  studies  without  carbonate  were  conducted  to  analyze 
peak  power  density  and  the  associated  parasitic  pumping  losses. 
From  the  initial  performances  and  the  corresponding  accelerated 
aging  studies,  the  impact  of  carbonate  formation  rates  on  projected 
fuel  cell  lifetimes  was  determined  and  the  results  were  compared 
to  reported  values  in  the  literature. 


2.  Experimental 

2. 1.  Gas  diffusion  electrode  preparation 

Commercially  available  Pt/C  (50%  mass  on  Vulcan  carbon,  E-Tek) 
or  Ag/C  (60%  mass  on  Vulcan  carbon,  E-Tek)  were  used  as  elec¬ 
trode  catalysts.  A  40  wt%  loading  of  polytetrafluoroethylene  (PTFE, 


ambient  air 


flowing  electrolyte 


Fig.  1.  Diagram  of  a  microfluidic  fuel  cell  with  a  flowing  electrolyte.  In  the  H2/air 
setup  shown  here,  air  passively  diffuses  to  the  cathode  while  pure  hydrogen  is  fed 
to  the  anode  at  10  seem. 

Aldrich)  was  used  as  the  catalyst  binder  such  that  catalyst  inks 
were  prepared  by  mixing  2  mg  of  Pt/C  or  6.7  mg  of  Ag/C  and  1 .3  mg 
or  4.5  mg  PTFE  powder,  respectively  [13].  100  pi  of  DI  water  and 
1 50  pT  of  isopropyl  alcohol  were  added  as  carrier  solvents.  The  cat¬ 
alyst  inks  were  sonicated  (Branson  351 0)  for  1  h  to  obtain  a  uniform 
mixture,  which  was  then  painted  onto  the  hydrophobized  carbon 
side  of  a  Toray  carbon  paper  gas  diffusion  layer  (EFCG  “S”  type  elec¬ 
trode,  E-Tek)  to  create  a  gas  diffusion  electrode  (GDE).  The  GDE  was 
sintered  under  a  nitrogen  atmosphere  at  330  °C  for  20  min  in  a  pre¬ 
heated  tube  furnace  (Lindberg/Blue)  followed  by  hot  pressing  at  a 
pressure  of  340  psi  and  a  temperature  of  120°C.  For  the  microflu¬ 
idic  H2/air  fuel  cell,  the  final  catalyst  loading  was  4  mg  cm-2  of  Ag 
(60%  mass  Ag)  for  the  cathode  and  1  mg  cm-2  of  Pt  (50%  mass  Pt) 
for  the  anode.  For  the  microfluidic  H2/02  fuel  cell,  the  final  catalyst 
loading  was  1  mg  cm-2  of  Pt  (50%  mass  Pt)  for  both  electrodes. 

2.2.  Fuel  cell  assembly  and  testing 

To  assemble  the  fuel  cell,  shown  in  Fig.  1,  the  cathode  (Pt/C 
or  Ag/C)  and  the  anode  (Pt/C)  were  placed  on  the  opposite  sides 
of  a  0.15  cm  thick  polymethylmethacrylate  (PMMA)  window,  such 
that  the  catalyst-coated  GDE  sides  face  the  3-cm  long  and  0.33-cm 
wide  window  machined  in  PMMA  [22].  The  microfluidic  cham¬ 
ber  volume  was  0.15  ml.  The  window  has  one  inlet  and  one  outlet 
from  the  side  for  the  electrolyte  flow,  aqueous  solutions  of  either 
potassium  hydroxide  (KOH,  Mallinckrodt,  88%,  balance  of  H20)  or 
potassium  carbonate  (I<2C03,  Fisher  Chemical,  99.8%).  Two  1-mm 
thick  graphite  windows  were  used  as  current  collectors.  For  the 
air-breathing  configuration,  on  the  anode  side  a  polycarbonate  gas 
flow  chamber  (5  cm  (L)  x  1  cm  ( W)  x  0.5  cm  ( H ))  was  used  to  intro¬ 
duce  hydrogen  gas  (laboratory  grade,  S.J.  Smith),  at  10  seem,  and 
on  the  cathode  side,  a  polycarbonate  window  was  positioned  over 
the  graphite  current  collector  to  enable  oxygen  to  diffuse  from  the 
ambient  environment.  The  low  hydrogen  flow  rate  minimizes  the 
pressure  differential  across  the  microfluidic  channel  but  also  main¬ 
tains  uniform  reactant  conditions  along  the  GDE  length  [22].  For 
the  H2/02  configuration,  polycarbonate  gas  flow  chambers  were 
used  to  introduce  both  hydrogen  and  oxygen  gases  (laboratory 
grade,  S.J.  Smith),  at  50  seem  each.  In  both  cases,  the  multilayer 
assemblies  were  held  together  with  binder  clips  (Highmark).  Fuel 
cell  testing  was  conducted  using  a  potentiostat  (Autolab  PGSTA-30, 
EcoChemie)  at  room  temperature.  For  all  studies,  electrolyte  flow 
rate  was  maintained  at  0.3  ml  min-1  using  a  syringe  pump  (2000 
PHD,  Harvard  Apparatus)  [13].  Prior  to  experiments  using  the  Ag 
cathode,  the  fuel  cell  was  operated  at  0.3  V  for  20  min  to  activate  the 
catalyst  [6].  Fuel  cell  polarization  curves  were  obtained  by  measur¬ 
ing  steady-state  currents  at  different  cell  potentials  using  General 
Purpose  Electrochemical  System  (GPES)  software  (EcoChemie).  The 
exposed  geometric  surface  area  of  the  electrode  (1  cm2)  was  used 
to  calculate  the  current  and  power  densities.  A  reference  elec¬ 
trode  (Ag/AgCl  in  saturated  NaCl,  BASi)  was  placed  at  the  outlet 
of  the  electrolyte  stream  to  allow  for  the  independent  analysis  of 
polarization  losses  on  the  cathode  and  the  anode  [21].  After  each 
experiment,  the  fuel  cell  was  disassembled  and  the  electrodes  were 
rinsed  with  deionized  water,  then  dried  under  a  laboratory  fume 
hood. 
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Fig.  2.  (a)  Power  density  curves  and  (b)  corresponding  polarization  curves  for  an  air-breathing  fuel  cell  operated  at  varying  KOH  concentrations.  Electrodes:  Pt/C  (1  mg 
Ptcm-2)anode  andAg/C  cathode  (4mg  Agcirr2).  Electrolyte  flow  rate:  0.3  ml  min-1.  H2  feed:  lOsccm.  02  feed:  air-breathing.  At  room  temperature. 


2.3.  Conductivity  measurement 

The  room  temperature  conductivity  of  electrolyte  solutions  was 
measured  with  an  Orion  4  star  pH/conductivity  meter  (Thermo 
Scientific)  using  a  two-electrode  conductivity  cell  (Duraprobe 
018020MD).  Before  measurement,  the  conductivity  cell  was  triple 
rinsed  with  deionized  water  and  calibrated  with  a  1  M  KCl  solu¬ 
tion  with  conductivity  1 1 1 .9  mS  cm-1 .  Conductivity  measurements 
were  taken  in  triplicate  and  the  average  of  the  three  values  was  used 
for  the  IR-corrections. 

3.  Results  and  discussion 

3.1.  Effect  of  KOH  concentration  on  cell  performance 

The  performance  of  the  microfluidic  H2/air  fuel  cell,  operated 
with  a  Pt/C  anode  and  Ag/C  cathode,  was  first  investigated  as  a  func¬ 
tion  of  electrolyte  concentrations  (3,  5,  7,  and  9  M  KOH).  Selecting 
the  optimum  KOH  concentration  in  an  alkaline  fuel  cell  involves 
consideration  of  tradeoffs  between  kinetics,  conductivity,  and  vis¬ 
cosity,  which  all  change  as  a  function  of  concentration.  Previous 
studies  using  a  microfluidic  H2/02  fuel  cell  by  Brushett  et  al.  showed 
inferior  performance  at  1  M  KOH;  specifically,  only  56%  of  the 
peak  power  density  achieved  with  3  M  KOH,  due  to  both  reduced 
electrolyte  conductivity  and  lower  Ag/C  cathode  oxygen  reduction 
activity  at  that  concentration  [13].  Fig.  2a  shows  polarization  and 
power  density  curves  for  the  microfluidic  fuel  cell  performance 
operating  with  KOH  concentrations  of  3-9  M.  The  fuel  cell  gener¬ 
ated  peak  power  densities  of  47, 39, 29,  and  25  mW  cm-2  for  3, 5, 7, 
and  9  M  KOH,  respectively.  Thus,  optimal  performance  is  observed 
at  3  M  KOH.  Performance  decreases  with  increasing  electrolyte 
concentration  despite  increasing  electrolyte  conductivity.  The  indi¬ 
vidual  electrode  polarization  curves  (Fig.  2b)  reveal  reduced  anode 
performance  as  the  main  cause  for  lowered  overall  fuel  cell  per¬ 
formance  at  higher  KOH  concentrations.  The  anode  performance 
losses  at  higher  KOH  concentrations  are  mainly  due  to  increased 
electrolyte  viscosity  hampering  water  management,  which  leads 
to  anode  flooding  at  high  current  densities  [23,24].  Another  anodic 
performance-limiting  factor  is  competitive  hydroxyl  ion  absorption 
at  higher  electrolyte  concentrations,  which  blocks  the  adsorption 
of  hydrogen  species  and  reduces  electrode  performance  [25,26]. 
Additional  hydroxyl  ions  only  improve  electrode  kinetics  up  to  a 
certain  threshold  KOH  concentration.  Finally,  at  higher  electrolyte 
concentrations,  another  possible  limiting  factor  is  high  counterion 
(K+)  concentrations,  which  can  cause  anode  shielding.  These  effects 
outweigh  the  decreased  hydrogen  oxidation  equilibrium  potential 
from  the  increased  pH  (Nernstian  shift).  These  observations  are  in 
good  agreement  with  results  obtained  in  a  microfluidic  H2/02  fuel 
cell  operated  with  Pt/C  electrodes  [23]. 


The  decreasing  cathode  performance  with  increasing  KOH  con¬ 
centration  may  be  attributed  to  the  downward  Nernstian  potential 
shift  at  higher  pH  (particularly  visible  for  9M  KOH),  increased 
hydroxyl  adsorption  at  the  catalytic  sites,  and  the  aforementioned 
increase  in  electrolyte  viscosity  at  higher  KOH  concentration  [5].  In 
summary,  for  this  microfluidic  configuration,  optimal  performance 
at  RT  was  observed  at  3  M  KOH  where  the  effects  of  high  elec¬ 
trolyte  conductivity  and  lower  electrolyte  viscosity  balance.  Note 
that  at  elevated  temperatures,  this  balance  may  shift  to  higher  KOH 
concentrations  since  increased  temperatures  reduce  electrolyte 
viscosity  and  improve  electrode  kinetics. 

To  determine  overall  power  output  and  design  feasibility  of 
AFCs  with  flowing  electrolyte,  parasitic  losses  associated  with  elec¬ 
trolyte  pumping  must  be  quantified.  Pumping  losses  are  a  function 
of  both  the  pumping  setup  and  the  electrolyte  composition.  The 
well-known  laminar  flow  solution  for  fully  developed  pipe  flow 
and  the  Bernoulli  equation  [27]  were  used  to  calculate  the  para¬ 
sitic  losses  for  the  microfluidic  cell  used  here  (Table  1).  For  these 
calculations,  the  pumping  efficiency  was  assumed  to  be  40%. 

As  KOH  concentration  increases,  electrolyte  viscosity  also 
increases  but  peak  power  density  decreases.  Consequently,  at 
higher  KOH  concentrations,  pumping  requirements  consume  a 
greater  percentage  of  the  fuel  cell  power  output.  The  3  M  KOH 
solution  has  the  lowest  power  loss,  while  the  9M  KOH  solution 
has  the  highest  power  loss.  This  behavior  can  be  attributed  to  the 
higher  viscosity  for  the  9  M  KOH  solution  and  the  lower  peak  power 
density.  The  results  suggest  that  a  microfluidic  setup  is  viable  as  a 
portable  fuel  cell,  with  3  M  being  the  optimal  KOH  concentration 
for  our  operating  conditions  in  the  absence  of  contaminants  such 
as  carbonates  formed  from  C02. 

3.2.  Effect  of  carbonate  formation  on  Pt  and  Ag  cathode 
performance 

We  previously  demonstrated  the  ability  of  a  flowing  electrolyte 
stream  between  the  electrodes  to  remove  formed  carbonates  from 
Pt/C  electrode  surfaces  [23].  In  those  studies,  neat  C02  was  intro¬ 
duced  on  the  anode  side  of  a  microfluidic  fuel  cell  with  a  stationary 
electrolyte.  After  prolonged  carbonate  poisoning,  we  demonstrated 


Table  1 

Parasitic  power  losses  with  no  carbonate  formation. 


KOH  (M) 

Maximum  power 
density  ( mW  cm-2 ) 

Power  loss 
(mWcm-2) 

%  power 
loss 

3 

47 

4.4 

9.4 

5 

39 

5.8 

14.7 

7 

29 

7.7 

26.2 

9 

25 

10.2 

41.0 

Table  2 

Tested  KOH  concentrations. 
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KOH  (M) 

K2C03  (M) 

3.0 

0.00 

2.5 

0.25 

2.0 

0.50 

1.5 

0.75 

1.0 

1.0 

0.50 

1.3 

0.00 

1.5 

that  the  flowing  electrolyte  was  able  to  remove  any  precipitated 
carbonates  from  the  anode  surface,  fully  restoring  fuel  cell  perfor¬ 
mance.  While  these  experiments  were  performed  in  a  microfluidic 
H2/02  fuel  cell  with  Pt/C  electrodes,  the  results  are  applicable  to 
other  microfluidic  configurations,  such  as  the  air-breathing  cell 
used  here,  as  the  effect  is  electrolyte-dependent. 

Based  on  the  demonstrated  ability  of  a  flowing  electrolyte 
stream  to  dissolve  carbonates,  thereby  fully  restoring  fuel  cell 
performance,  we  can  study  the  problem  of  carbonate  formation 
systematically  by  varying  the  composition  of  the  electrolyte  stream 
from  3  M  KOH  to  1.5  M  I<2C03  in  steps  of  0.5  M  KOH  (Table  2).  Recall 
that  one  carbonate  forms  by  the  reaction  of  two  hydroxyls  with  one 
C02  (Eq.  (1 )).  The  effects  of  electrolyte  composition  on  fuel  cell  peak 
power  densities  were  investigated  in  two  microfluidic  configura¬ 
tions,  a  high  performance  H2/02  fuel  cell  with  Pt/C  electrodes  and  a 
H2/air  fuel  cell  with  Pt/C  anode  and  Ag/C  cathode  (Fig.  3).  Here,  we 
define  a  parameter,  the  90%  threshold,  as  the  KOH  concentration 
above  which  the  peak  power  density  is  at  least  90%  of  the  initial 
value,  adhering  to  governmental  targets  [19]. 

Fig.  3  shows  a  steeper  drop-off  in  performance  for  the  H2/02 
configuration  compared  to  the  air-breathing  configuration,  which 
is  likely  due  to  the  higher  demand  on  the  anode  in  the  H2/02 
experiment  making  the  hydroxyl  loss  more  significant,  since  the 
conductivity  losses  and  the  viscosity  increases  are  the  same  for  both 
setups.  Both  configurations  show  a  fairly  small  initial  decline  in 
performance  due  to  decreased  electrolyte  conductivity,  and  then 
show  an  increasingly  steep  drop  in  performance  as  the  hydroxyl 
losses  begin  to  negatively  impact  anode  kinetics.  This  sharp  drop 
occurs  between  1.5  and  2  M  KOH  (0.5-0.75  M  I<2C03)  for  the  H2/02 
setup  and  between  1  and  1.5  M  KOH  (0.75-1  M  I<2C03)  for  the  air- 
breathing  setup.  The  final  peak  power  densities,  observed  at  1.5  M 
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Fig.  3.  Fuel  cell  peak  power  density  as  a  function  of  I<2C03  formed  for  the  microflu¬ 
idic  fuel  cell  operated  with  a  forced  02  stream  or  with  quiescent  air.  The  horizontal 
dashed  lines  indicate  the  90%  level  of  the  initial  power  density  for  each  run.  Elec¬ 
trolyte  flow  rate:  0.3  ml  min-1 .  H2  and  02  feed:  50  seem.  At  room  temperature. 


K2C03  concentration  (M) 

Fig.  4.  Normalized  power  density  of  a  H2/air  fuel  cell  operated  at  different  KOH 
concentrations  as  a  function  of  [K2C03  ]  formed.  The  horizontal  dashed  lines  indicate 
the  90%  level  of  the  initial  power  density  for  each  run.  Electrodes :  Pt/C  ( 1  mg  Pt  cm-2 ) 
anode  and  Ag/C  cathode  (4  mg  Ag  cm-2 ).  Electrolyte  flow  rate:  0.3  ml  min-1 .  H2  feed : 
10  seem.  02  feed:  air-breathing.  At  room  temperature. 


I<2  C03 ,  are  23%  and  34%  of  the  peak  power  densities,  observed  in  3  M 
KOH,  for  the  H2  / 02  and  the  air-breathing  setups,  respectively.  These 
results  indicate  that  the  H2/02  configuration  is  more  sensitive  to  the 
presence  of  carbonates  than  the  air-breathing  configuration,  which 
retains  more  than  90%  peak  power  density  until  more  than  50%  of 
the  KOH  is  reacted  to  form  carbonates.  Consequently,  we  used  the 
microfluidic  H2/air  cell  fuel  operating  with  a  Pt/C  anode  and  a  Ag/C 
cathode  for  the  rest  of  our  experiments. 

3.3.  Effect  of  carbonate  formation  at  different  KOH  concentrations 

Since  the  electrolyte  composition  changes  over  the  fuel  cell  life¬ 
time,  a  3  M  KOH  starting  concentration  may  not  be  optimal  for 
extended  operation.  To  investigate  the  sensitivity  of  various  alka¬ 
line  electrolyte  concentrations  to  carbonate  formation,  we  studied 
microfluidic  H2/air  fuel  cell  performance  utilizing  initial  electrolyte 
concentrations  of  3,  5,  and  7M  KOH  (Fig.  3)  over  the  course  of 
six  days.  For  each  concentration,  carbonates  were  introduced  in 
0.25  M  increments.  Results  were  normalized  daily  to  a  3  M  KOH 
trial  conducted  that  day  to  eliminate  any  error  from  electrode  decay 
(due  to  loss  of  hydrophobicity)  over  the  course  of  experiments.  To 
compare  the  results  of  varying  KOH  concentrations,  we  define  a  sec¬ 
ond  parameter,  C0ptimum,  as  the  range  of  I<2C03  formation  where  a 
certain  KOH  concentration  gives  the  highest  comparative  fuel  cell 
performance. 

Fuel  cells  operated  at  higher  initial  KOH  concentrations  demon¬ 
strate  greater  carbonate  tolerances  (Fig.  4),  since  their  maximum 
power  densities  decrease  at  a  slower  rate  than  fuel  cells  operated 
with  3  M  KOH.  This  slower  performance  drop  is  due  to  the  higher 
initial  hydroxide  ion  concentrations  which  increase  resilience  to 
carbonate  formation  by  maintaining  high  electrolyte  conductivities 
(Table  3).  Note  that  at  first  this  long-term  advantage  of  carbon¬ 
ate  resilience  when  operating  at  5  or  7  M  KOH  is  offset  by  the 


Table  3 

Performance  degradation  as  a  function  of  carbonate  formation. 


Configuration 

KOH  (M) 

90%  threshold 
(MK2C03) 

^optimum 

(MK2C03) 

h2/o2 

3 

0 

N/A 

H2/air 

3 

0.75 

0-1 

H2/air 

5 

1.75 

1-2 

H2/air 

7 

1.75 

2-3.5 
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Fig.  5.  (a)  Polarization  and  power  density  curves,  as  well  as  corresponding  (b)  anode  and  cathode  polarization  curves,  and  (c)  IR-corrected  polarization  curves  for  a  H2/air 
cell  with  a  Pt  anode  and  a  Ag  cathode  for  different  KOH  over  K2CO3  ratios.  Electrodes:  Pt/C  (1  mg  Ptcm-2)  anode  and  Ag/C  cathode  (4  mg  Agcm-2).  Electrolyte  flow  rate: 
0.3  ml  min-1.  H2  feed:  10  seem.  02  feed:  air-breathing.  At  room  temperature. 


lower  fuel  cell  peak  power  densities  compared  to  the  initial  peak 
power  density  observed  when  operating  at  3  M  KOH  (e.g.  Fig.  1 ).  A 
sharp  drop-off  in  power  density  is  observed  at  about  1 .5  M  KOH  for 
each  initial  electrolyte  concentration  due  to  reduced  anode  kinet¬ 
ics  and  electrolyte  conductivity  at  this  low  KOH  concentration.  The 
individual  electrode  polarization  curves  (Fig.  5b)  demonstrate  the 
diminished  anode  kinetics  at  KOH  concentrations  lower  than  1 .5  M, 
while  the  overlay  of  the  3M  KOH  and  1.5  M  KOH  IR-corrected 
polarization  curves  demonstrates  that  the  performance  decrease 
at  higher  KOH  concentrations  is  only  due  to  conductivity  losses 
(Fig.  5c).  In  addition  to  reduced  kinetics,  carbonate  blocking  of 
active  sites  and  reduced  local  pH  at  the  anode  surface  may  also 
contribute  to  the  reduced  performance. 

Table  3  demonstrates  that  7  M  KOH  is  undesirable  for  operation 
above  the  90%  performance  threshold,  since  the  lower  initial  per¬ 
formance  means  that  Coptimum  is  not  reached  until  the  conductivity 
loss  reduces  the  power  density  below  the  90%  level.  Cells  oper¬ 
ated  with  3  and  5  M  KOH  are  both  promising  for  different  niches. 
For  example,  fuel  cells  operated  with  3  M  KOH  work  well  with 
carbonate  formation  up  to  0.75  M  I<2C03,  if  the  inlet  gas  streams 
are  scrubbed  and/or  if  the  electrolyte  is  replaced  frequently.  By 
contrast,  operation  with  5  M  KOH  is  superior  for  longer-term  appli¬ 
cations  up  to  1 .75  M  I<2C03,  presumably  making  it  more  suitable  for 
configurations  that  do  not  scrub  the  feed  streams. 

3.4.  Comparison  with  literature 

In  an  earlier  study,  Giilzow  et  al.  investigated  the  carbonate  sen¬ 
sitivity  of  a  Ag/PTFE  electrode  in  a  half-cell  setup  operating  at  80  °C 
using  a  stagnant  7.1  M  KOH  electrolyte  [6].  Experiments  were  con¬ 
ducted  over  3000  h  using  an  inlet  gas  stream  consisting  of  either 
95  wt%  02  and  5  wt%  C02,  which  is  150  x  the  concentration  of  C02 
in  ambient  air,  or  100%  02  to  investigate  the  extent  and  effects  of 


carbonate  formation  on  performance.  Near  identical  half-cell  per¬ 
formances  were  observed  in  both  experiments,  and  the  authors 
concluded  that  “C02  in  air  is  not  really  a  problem  for  AFCs”.  As  this 
work  appeared  to  disagree  with  our  findings,  we  performed  a  com¬ 
parative  study  of  our  respective  experiments.  Via  titration  analysis, 
Giilzow  et  al.  determined  that  0.3  M  I<2C03  had  formed  over  the 
course  of 600  h,  which  stoichiometrically  corresponds  to  6.5  M  KOH 
[6].  Giilzow  et  al.  also  reported  that  the  carbonate  formation  rate 
can  be  assumed  to  be  roughly  constant  over  the  experiment  since 
the  C02  concentration  in  the  02  stream  remains  constant  [6].  Thus, 
over  the  course  of  3000  h,  the  same  rate  of  carbonate  formation 
would  yield  an  electrolyte  composition  of  1.3  M  I<2C03  and  4.3  M 
KOH.  The  effects  of  a  similar  amount  of  carbonate  formation  can 
be  simulated  in  our  microfluidic  system  using  7.0  M  KOH.  Fig.  6 
demonstrates  that  the  effects  of  altering  the  electrolyte  composi¬ 
tion  from  7.0  M  KOH  to  4.3  M  KOH  and  1.3  M  I<2C03  are  limited  to 
a  less  than  5%  decrease  in  maximum  power  density.  Interestingly, 
despite  very  different  experimental  setups  including  temperature, 
oxygen  delivery  method,  and  catalysts  employed,  our  result  is  in 
close  agreement  with  the  observations  of  Giilzow,  which  indicates 
the  broad  applicability  of  our  experimental  findings. 

3.5.  Electrolyte  volume  vs.  cell  lifetime 

Ideally,  one  would  like  the  electrolyte  volume  in  an  AFC  to  be 
large  in  order  to  minimize  the  change  in  concentration  for  a  given 
rate  of  carbonate  and  water  formation.  However,  given  the  size  and 
weight  constraints  for  portable  systems,  such  ideal  volumes  may 
not  be  feasible.  For  example,  the  experiments  previously  described 
by  Giilzow  et  al.  were  conducted  using  1 .5 1  of  electrolyte  [6].  Unfor¬ 
tunately,  this  volume  is  far  greater  than  the  volume  that  could  be 
used  in  a  “portable”  fuel  cell  system,  as  even  laptop  batteries  are 
approximately  300  ml  in  total  volume  [28].  However,  the  Giilzow 
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Fig.  6.  Normalized  power  density  of  a  H2/air  cell  with  a  Pt  anode  and  a  Ag  cath¬ 
ode  as  a  function  of  [K2CO3]  formed  for  an  initial  electrolyte  concentration  of  7  M 
KOH.  Electrodes:  Pt/C  (1  mg  Ptcnrr2)  anode  and  Ag/C  cathode  (4  mg  Agcirr2).  Elec¬ 
trolyte  flow  rate:  0.3  ml  min-1.  H2  feed:  10  seem.  02  feed:  air-breathing.  At  room 
temperature. 


Table  4 

Projected  lifetimes  based  upon  carbonate  formation. 


KOH  (M) 

90%  threshold  (h) 

f optimal  (h) 

3 

1700 

0-2200 

5 

3900 

2200-4500 

7 

3900 

4500-7800 

was  found  to  be  less  resilient  to  carbonate  formation.  We  found 
that  while  microfluidic  H2/air  fuel  cells  operated  with  3M  KOH 
demonstrated  the  highest  power  densities,  they  were  also  the 
least  tolerant  of  carbonate  formation,  projected  to  be  resilient  for 
1900h  of  operation  in  ambient  air.  Furthermore,  increasing  the 
KOH  concentration  above  3M  increases  resilience  to  carbonate 
formation  with  the  projected  performance  dropping  by  less  than 
10%  for  3900  h  of  operation  in  ambient  air.  While  long-term  dura¬ 
bility  testing  would  still  be  needed  to  verify  these  results,  the 
initial  predictions  for  AFCs  as  portable  power  sources  are  promis¬ 
ing. 

Understanding  these  carbonate  formation  effects  provides 
guidelines  for  the  design  and  operation  of  microscale  flowing 
electrolyte  AFCs  for  portable  applications.  In  particular,  the  elec¬ 
trolyte  volume  is  a  key  design  component  to  mitigate  carbonate 
formation;  the  operational  lifetime  will  increase  proportionally 
with  the  electrolyte  volume.  With  sufficient  electrolyte  volume, 
the  AFC  lifetime  then  hinges  on  the  degradation  of  the  other 
components  most  notably  the  electrodes  which  decay  rapidly, 
resulting  in  a  ~15%  performance  drop  over  the  course  of  our 
experiments  at  elevated  KOH  concentrations.  Developing  a  deeper 
understanding  of  and  quantifying  these  electrode  degradation  pat¬ 
terns  is  necessary  in  order  to  improve  flowing  electrolyte  AFC 
lifetimes. 
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experiments  were  run  using  1 50  x  the  normal  concentration  of  C02, 
which  can  be  assumed  to  translate  into  150x  the  normal  rate  of 
carbonate  formation  based  on  the  high  conversion  of  any  C02  fed 
into  the  alkaline  half-cell  [6].  Scaling  the  1.51  electrolyte  volume 
down  by  a  factor  of  150  yields  a  10  ml  electrolyte  volume.  Thus, 
operating  our  microfluidic  cell  with  10  ml  of  electrolyte  should 
exhibit  changes  in  composition  comparable  to  operating  with  an 
oxygen  stream  with  5  wt%  C02  for  1 .5 1  of  electrolyte.  Furthermore, 
Ko  et  al.  demonstrated  that  the  initial  rate  of  change  in  carbonate 
concentration  is  roughly  linear  for  KOH  solutions  exposed  to  C02 
from  ambient  air  [29].  By  applying  this  result  to  our  experimental 
observation,  operating  lifetimes  can  be  projected  for  a  microflu¬ 
idic  fuel  cell  operated  with  10  ml  electrolyte.  However,  this  10  ml 
volume  is  much  larger  than  the  0.15  ml  volume  of  the  microfluidic 
fuel  cell  chamber,  which  necessitates  a  flowing  electrolyte  for  long 
term  operation.  Here,  we  define  toptimal  to  be  the  time  range  during 
which  different  KOH  concentrations  give  the  highest  performance 
(Table  4). 

As  shown  in  Table  4,  microfluidic  H2/air  fuel  cells  with  3  M  KOH 
are  projected  to  operate  for  1700  h  while  maintaining  90+%  of  the 
maximum  performance.  We  predict  that  using  a  higher  electrolyte 
concentration  ( >5  M  KOH)  would  allow  for  lifetimes  of  up  to  3900  h, 
due  to  its  higher  capacity  to  absorb  C02.  In  comparison,  the  0.1 5  ml 
chamber  volume  alone  would  yield  a  90%  threshold  of  only  26  h  for 
3  M  KOH,  which  is  most  likely  too  short  for  most  applications. 

4.  Conclusions 

Here,  we  reported  on  a  series  of  experiments  to  determine 
the  effects  of  varying  electrolyte  compositions  on  the  peak  per¬ 
formance  of  an  alkaline  microfluidic  fuel  cell.  While  a  H2/02 
setup  outperformed  an  air-breathing  setup  due  to  superior  kinet¬ 
ics  and  reactant  mass  transfer,  this  high-performance  configuration 
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